We investigated the effects of flumazenil, aminophylline, and ephedrine on the excitatory amino acid transporter type 3 (EAAT3) activity and the interaction with propofol. EAAT3 was expressed in the Xenopus oocytes. L-Glutamate-induced membrane currents were measured using the two-electrode voltage clamp at various drug concentrations. Oocytes were preincubated with protein kinase C-(PKC-) activator, or inhibitor, and phosphatidylinositol 3-kinase (PI3K) inhibitor. To study the interaction with propofol, oocytes were exposed to propofol, propofol + aminophylline, or ephedrine. Aminophylline and ephedrine significantly decreased EAAT3 activity. Aminophylline (95 M) and ephedrine (1.19 M) significantly decreased max, but not Km of EAAT3, for glutamate. The phorbol 12-myristate-13-acetate-induced increase in EAAT3 activity was abolished by aminophylline or ephedrine. The decreased EAAT3 activities by PKC inhibitors (staurosporine, chelerythrine) and PI3K inhibitor (wortmannin) were not significantly different from those by aminophylline or ephedrine, as well as those by PKC inhibitors or PI3K inhibitor + aminophylline or ephedrine. The enhanced EAAT3 activities induced by propofol were significantly abolished by aminophylline or ephedrine. Aminophylline and ephedrine inhibit EAAT3 activity via PKC and PI3K pathways and abolish the increased EAAT3 activity by propofol. Our results indicate a novel site of action for aminophylline and ephedrine.
Introduction
Glutamate is a major excitatory neurotransmitter, and glutamate transporters play a critical role in maintaining extracellular glutamate concentrations by the uptake of extracellular glutamate into the intracellular spaces, thereby regulating normal excitatory neurotransmission and preventing excitotoxicity [1] [2] [3] . Of five glutamate transporters, excitatory amino acid transporter type 3 (EAAT3) is the major neuronal transporter in the brain and spinal cord and plays a neuroprotective role by maintaining extracellular glutamate homeostasis in the cortex and hippocampus, which are vulnerable to excitotoxic damage after brain ischemia [1, 4] .
The effects of anesthetics on EAAT3 activity have been investigated. Do et al. reported that volatile anesthetics, as well as propofol at clinically relevant concentrations, increased the EAAT3 activity via protein kinase C (PKC) activation [5, 6] . Their results suggest that the enhanced EAAT3 activity by inhalational anesthetics or propofol may be an important mechanism for their anesthetic, neuroprotective, and antiepileptic effects [5, 6] .
Considering the enhanced EAAT3 activity as a new target for anesthetic effect, some drugs antagonizing sedative and anesthetic effects may affect EAAT3 activity and reverse the increased activity induced by anesthetics. It has been reported that flumazenil, a specific benzodiazepine receptor 2 BioMed Research International antagonist, has intrinsic actions. Flumazenil reversed hepatic coma in humans [7] and increased the degree of anxiety [8] . Aminophylline, a nonselective adenosine receptor antagonist, blocks the action of adenosine in central adenosinergic neuromodulator systems [9] , has excitatory effects on neuronal activity, and stimulates the central nervous system (CNS) to induce vigilance [10] . The roles of adenosine in sleep and its sedative/hypnotic activities are well known [11] . Many reports have suggested that aminophylline antagonizes the sedative effects of inhalational and intravenous anesthetics [12] [13] [14] [15] . Ephedrine, a vasopressor, also has potent stimulating effects on CNS. There are several studies suggesting that ephedrine can change depth of anesthesia in animals and human. Ephedrine increases minimum alveolar concentration (MAC) of halothane in dogs [16] and increases bispectral index (BIS) during sevoflurane or propofol anesthesia in human [17, 18] , both of which suggest its antagonistic action to anesthetic effects. Adenosine and dopamine are important modulators of glutamatergic neurotransmission in the striatum [19] . These findings suggest that flumazenil, aminophylline, and ephedrine may affect glutamate transporter activity and show interactions with propofol on their effects on EAAT3 activities. However, the mechanism on the excitatory action of these drugs is unclear and little is known about the effects of these drugs on EAAT3 activities and their interactions with increased EAAT3 activity induced by propofol.
In the present study, we hypothesized that flumazenil, aminophylline, and ephedrine may affect EAAT3 activity. To elucidate the mechanism on the excitatory action of flumazenil, aminophylline, and ephedrine, we investigated the effects of these three drugs on EAAT3 activity, and the involvement of protein kinase C (PKC) and phosphatidylinositol 3-kinase (PI3K), two important modulating kinases in intracellular signaling, in their effects on EAAT3. We also investigated the interaction with propofol with regard to their effects on EAAT3 activity.
Materials and Methods
The protocol for this animal experiment was approved by the Institutional Animal Care and Use Committee at the School of Medicine, Ewha Womans University (Seoul, Republic of Korea; Approval Number ESM 11-0181, September 1, 2011). The experiments were conducted at the research laboratories of the School of Medicine, Ewha Womans University. The study was performed according to the Declaration of Helsinki and internationally accepted principles in the care and use of experimental animals. Mature female frogs (Xenopus laevis) were purchased from Xenopus I (Dexter, MI, USA). Unless otherwise noted, all reagents were acquired from Sigma (St. Louis, MO, USA).
Oocyte Preparation, Microinjection, and Electrophysiological Recordings.
Oocyte preparation and microinjection of EAAT3 mRNA into oocytes were performed as described previously [5, 20] . Rat EAAT3 complementary DNA construct was supplied by Dr. Mattias A. Hediger (Brigham and Women's Hospital, Harvard Institutes of Medicine, Boston, MA, USA). The prepared oocytes were then incubated at 16 ∘ C in modified Barth's solution for 3 days before the voltage clamp experiments. The composition of modified Barth's solution was the same as described in previous reports [5, 20] .
Voltage clamp experiments were also performed as described previously [20] at room temperature (approximatly 21 ∘ C-23 ∘ C). Analyses were carried out using pCLAMP7 software (Axon Instruments, Foster City, CA, USA). All measurements were performed at a holding potential of −70 mV. Oocytes showing an unstable holding current ≥1 A were excluded from the analysis. l-Glutamate diluted in Tyrode's solution was perfused over the oocytes for 25 s (5 mL/min). lGlutamate-induced inward currents were recorded at 125 Hz for 1 min: 5 s of baseline, 25 s of l-glutamate application, and a 30-s rinse with Tyrode's solution, the composition of which was the same as that described previously [20] . [23] [24] [25] [26] . In control experiments, we perfused oocytes with Tyrode's solution for 4 min before applying l-glutamate in Tyrode's solution for electrophysiological recording. In the drug group, we perfused oocytes with Tyrode's solution for 1 minute to allow stabilization followed by Tyrode's solution containing the test drug for 3 min before application of Tyrode's solution containing l-glutamate. To determine the effects of aminophylline and ephedrine on the 푚 and max values of EAAT3 for glutamate, serial concentrations of lglutamate (3, 10, 30, 100, and 300 M) were used.
To study the effects of PKC activation on EAAT3 activity, oocytes were preincubated with 100 nM phorbol 12-myristate-13-acetate (PMA), a PKC activator, for 10 min before recording [27] . As flumazenil did not show any significant effects on EAAT3 activity at any tested concentrations, we excluded flumazenil in this study. To investigate whether there is interaction between PMA and aminophylline or ephedrine, PMA-treated oocytes were exposed to 95.1 M aminophylline or 1.19 M ephedrine as described above. These concentrations are within therapeutic ranges of aminophylline and ephedrine. To study the role of PKC inhibitors on EAAT3 activity, oocytes were preincubated with the PKC inhibitors, 2 M staurosporine (for 1 h) and 100 M chelerythrine (for 1 h) just before the application of 95.1 M aminophylline or 1.19 M ephedrine as described above [28, 29] . To investigate the role of PI3K in the regulation of EAAT3 activity, oocytes were incubated with wortmannin (10 M for 1 h) and then exposed to 95.1 M aminophylline or 1.19 M ephedrine as described above [29] .
To study the interaction with propofol, we used propofol (Fresofol MCT 1%) (Fresenius Kabi Austria, Graz, Austria) at concentrations of 30 and 100 M [6] . In a preliminary experiment to establish the protocol for interaction experiments between propofol and drugs (aminophylline or ephedrine), we found that both oocytes perfused with Tyrode's solution for 1 min followed by Tyrode's solution containing 30 M propofol for 3 min (propofol group, 1.29 ± 0.07) and oocytes perfused with Tyrode's solution for 1 min followed by Tyrode's solution containing 30 M propofol for 3 min and then Tyrode's solution for 3 min (propofol + Tyrode's solution group, 1.26 ± 0.05) significantly increased EAAT3 activity, compared with the control group (1.00 ± 0.05) (n = 17-18, < 0.05). However, there was no significant difference in EAAT3 activity between the propofol group and the propofol + Tyrode's solution group ( > 0.05). Therefore, we determined the protocol for the interaction experiment, as shown in Figure 1 . In the control group, we perfused oocytes with Tyrode's solution for 7 min before applying Tyrode's solution containing l-glutamate for recording. In the 30 and 100 M propofol groups, we perfused oocytes with Tyrode's solution for 1 min followed by Tyrode's solution containing propofol for 3 min, and then Tyrode's solution for 3 min before applying l-glutamate. In the propofol (30 or 100 M) + aminophylline (95.1 M) or ephedrine (1.19 M) groups, we perfused oocytes with Tyrode's solution for 1 min followed by Tyrode's solution containing propofol for 3 min, and then Tyrode's solution containing aminophylline or ephedrine for 3 min before applying l-glutamate.
Statistical Analysis.
Responses are shown as means ± SEM. Each experiment was performed with oocytes from at least three different frogs. As the EAAT3 expression levels in oocytes of different batches may vary, variability in the responses of oocytes among batches is common. Therefore, responses were normalized to the mean value of the sameday controls for each batch. Statistical analysis was done using a one-way analysis of variance followed by Dunnett's or Tukey's multiple comparison test and the Mann-Whitney test as appropriate (SPSS version 20.0; SPSS Inc., Chicago, IL, USA). < 0.05 was considered significant. Dose-response curves were drawn using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). Concentration-response curves of EAAT3 to l-glutamate in the presence or absence of aminophylline and ephedrine were made, and max and 푚 were calculated using SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA).
Results
Oocytes that were not injected were not responsive to lglutamate (data not shown); those injected with EAAT3 mRNA induced inward currents by application of 30 M l-glutamate ( Figure 2 ). This current was demonstrated to be mediated by EAAT3 in previous studies [5, 27] . The highest concentration of methanol, the solvent for flumazenil, in Tyrode's solution containing flumazenil was 0.04% (v/v). Our previous study showed that the current induced by glutamate in oocytes expressing EAAT3 was unaffected by this concentration of methanol [27] .
While flumazenil, aminophylline, or ephedrine alone did not generate any current in oocytes with or without PMA (100 nM for 10 min) increased the EAAT3 activity significantly (1.00 ± 0.05 for control versus 1.24 ± 0.05 for PMA, < 0.05). When PMA-treated (100 nM for 10 min) oocytes were exposed to aminophylline (95.1 M) or ephedrine (1.19 M), the PMA-induced increase in EAAT3 activity was abolished (0.89 ± 0.04 for PMA + aminophylline; 0.84 ± 0.04 for PMA + ephedrine, < 0.05 compared with PMA) (Figures 4(a) and 4(b) ).
Pretreatment of oocytes with the PKC inhibitors, staurosporine (2 M for 1 h) or chelerythrine (100 M for 1 h), reduced EAAT3 activity significantly (1.00 ± 0.03 for control versus 0.83 ± 0.04 for staurosporine, n = 37-41; or 1.00 ± 0.06 for control versus 0.79 ± 0.04 for chelerythrine, n = 31, P < 0.05). To verify whether there are interactions between the effects of these PKC inhibitors and aminophylline on EAAT3, staurosporine-or chelerythrine-treated oocytes were exposed to aminophylline, and the responses were compared. Oocytes exposed to aminophylline, PKC inhibitor (staurosporine or chelerythrine), or both showed significant decreases in EAAT3 activity compared with untreated controls. However, there were no significant differences in EAAT3 activities among oocytes treated with aminophylline, PKC inhibitor (staurosporine or chelerythrine), or PKC inhibitor plus aminophylline ( Figure 5) . Similarly, oocytes exposed to ephedrine, PKC inhibitor (staurosporine or chelerythrine), or both showed significant decreases in EAAT3 activity compared with untreated controls. Similarly, there were no significant differences among oocytes treated with ephedrine, PKC inhibitor (staurosporine or chelerythrine), or PKC inhibitor plus ephedrine ( Figure 6 ).
Oocytes pretreated with wortmannin, a PI3K inhibitor (10 M for 1 h), also showed significantly decreased EAAT3 activity (1.00 ± 0.03 for control versus 0.73 ± 0.04 for wortmannin, n = 34-39, P < 0.05). However, the activities were not significantly different among aminophylline, wortmannin, and wortmannin plus aminophylline groups, or among the ephedrine, wortmannin, and wortmannin plus ephedrine groups (Figures 7(a) and 7(b) ).
Propofol at 30 and 100 M significantly enhanced EAAT3 activity (1.00 ± 0.04 for control versus 1.23 ± 0.03 for propofol 30 M and 1.35 ± 0.05 for propofol 100 M, P < 0.05). However, there was no significant difference in EAAT3 activity between 30 M and 100 M propofol. These enhanced EAAT3 activities induced by 30 and 100 M propofol were significantly abolished by 95.1 M aminophylline (1.04 ± 0.04 for 30 M propofol + aminophylline; 1.01 ± 0.05 for 100 M propofol + aminophylline, P < 0.05 compared with each concentration of propofol) or 1.19 M ephedrine (1.06 ± 0.04 for 30 M propofol + ephedrine; 1.03 ± 0.05 for 100 M propofol + ephedrine, P < 0.05 compared with each concentration of propofol) (Figure 8 ). The regulation of glutamate neurotransmission is a mechanism for anesthesia. A growing body of evidence suggests that changes in EAAT3 activity may be a novel mechanism of action of anesthetics [5, 6, 30] . Flumazenil, aminophylline, and ephedrine antagonize the sedative and anesthetic effects of anesthetics [8, [12] [13] [14] [15] [16] [17] [18] . Therefore, we expected that these drugs would alter the EAAT3 activity.
Discussion

Effects of Flumazenil, Aminophylline, and Ephedrine on EAAT3 Activity. Our results showed that aminophylline
Aminophylline (theophylline ethylenediamine) is a nonselective adenosine receptor antagonist and contains 86% anhydrous theophylline [23] . The pharmacologically active, free extracellular brain concentration of theophylline is 75% of the blood concentration [31] . Considering that the therapeutic concentration of theophylline is 6-20 g/mL (28.5-95.1 M) [23] , our results suggest that aminophylline can inhibit EAAT3 activity not only at clinically relevant concentrations but also at concentrations both lower and higher than the therapeutic ranges. This finding suggests a novel mechanism underlying the central effects of aminophylline, such as the excitatory effects on neuronal activity and CNS stimulation [10] , proconvulsant effect [32, 33] , and antagonism of the sedative effects of several anesthetics [12] [13] [14] [15] . The central adenosine receptor antagonism, -aminobutyric acid A receptor blockade, and N-methyl-D-aspartate receptor activation may mediate the CNS stimulating effect of theophylline [34] . There is evidence of the involvement of adenosine neuromodulation in pentobarbital-or midazolaminduced depression of field excitatory postsynaptic potentials in rat hippocampal slices, which were partially or completely antagonized by aminophylline, respectively [35, 36] . These findings support our results.
Ephedrine, an indirect sympathomimetic drug, is widely used to treat hypotension and is a potent stimulator of the CNS leading to insomnia as a common CNS side effect [37] . Ephedrine has neurotoxic potential, including increased microdialysate levels of dopamine, serotonin, and glutamate [38] , and increases the MAC of halothane and BIS during sevoflurane or propofol anesthesia [16] [17] [18] . Therefore, we postulated that ephedrine may alter the EAAT3 activity as a mechanism of CNS stimulating action.
The single dose peak level of ephedrine is 40-140 ng/mL [24] , and therapeutic range used for bronchodilation is 20-80 ng/mL [25] . However, in a clinical study using continuous infusion of ephedrine to treat hypotension, the interquartile range of arterial concentrations of ephedrine was 306.5-523.5 ng/mL after injection of ephedrine at a dose of 44.8-79.2 mg [26] . Therefore, we tested a wide range of ephedrine concentrations from 50 nM (10 ng/mL) to 4.96 M (1000 ng/mL). In the present study, ephedrine decreased EAAT3 activity at two concentrations, that is, 595 nM (120 ng/mL) and 1.19 M (240 ng/mL). These are within the concentration range seen under clinical conditions, considering that ephedrine is used to treat hypotension at repeat doses of 0.1 mg/kg or continuous infusion [17, 18, 26] . The reason for the biphasic ephedrine dose-response pattern on EAAT3 activity is not clear. Although the release of norepinephrine and dopamine may be responsible for increasing the BIS after ephedrine injection [17] , the effect of ephedrine on EAAT3 activity may also play a role in antagonizing the anesthetic action.
Flumazenil had no effect on EAAT3 activity at any concentration used. Although several reports have suggested that flumazenil has intrinsic actions, such as reversing hepatic coma and increasing anxiety [7, 8] , their mechanisms are unlikely to be mediated by decreased EAAT3 activity. In one study, flumazenil reversed the anticonvulsant properties of diazepam against lidocaine-induced convulsions, but itself had no effect on lidocaine-induced convulsions in rats [39] . In another study, lidocaine at 100 M and 1 mM enhanced EAAT3 activity, suggesting a mechanism of proconvulsant action of lidocaine [40] . Taken together, flumazenil itself may not affect EAAT3 activity, consistent with our results.
The results of kinetic analyses showed that both 95.1 M aminophylline and 1.19 M ephedrine decreased max , but not 푚 , of EAAT3 for glutamate, suggesting that aminophylline and ephedrine decrease the availability or turnover rate of EAAT3 rather than lowering the affinity of EAAT3 to glutamate.
Involvement of PKC and PI3K in the Effects of Aminophylline and Ephedrine on EAAT3 Activity.
In the mechanism study, we demonstrated that PKC activation by PMA enhanced the activity of EAAT3, consistent with previous reports [5, 6] , and this PMA-induced increase in EAAT3 activity was abolished by aminophylline or ephedrine. We also showed that two PKC inhibitors (staurosporine and chelerythrine) and a PI3K inhibitor (wortmannin) significantly reduced the EAAT3 activity, consistent with previous reports [41, 42] and there were no significant differences in EAAT3 activities among PKC inhibitors or PI3K inhibitor, aminophylline or ephedrine, and PKC inhibitors or PI3K inhibitor + aminophylline or ephedrine groups. That is, there were no additive or synergistic interactions between PKC inhibitors or PI3K inhibitor and aminophylline or ephedrine. Therefore, our results suggest that the decreased activity of EAAT3 by aminophylline or ephedrine is mediated by PKC and PI3K.
The activation of PKC and PI3K increased cell-surface expression of EAAT3 [43] . The increased EAAT3 activity by PMA-induced PKC activation in Xenopus oocytes may be mediated via the increase in EAAT3 cell-surface expression [44, 45] . Our kinetic data suggested that aminophylline and ephedrine affected the cell-membrane expression of EAAT3.
Interactions between the Effects of Aminophylline or
Ephedrine and Propofol on EAAT3 Activity. In this study, propofol at concentrations of 30 and 100 M significantly increased EAAT3 activity; these enhanced activities of EAAT3 were significantly abolished by aminophylline or ephedrine.
The increased EAAT3 activity caused by propofol may be a mechanism for propofol-induced anesthesia, anticonvulsive effects, and neuroprotection [6] . The blood concentrations of propofol at which 95% of patients did not respond to verbal 8 BioMed Research International commands and to skin incision were 5.4 and 27.4 g/mL, respectively, when used alone [46] . The optimal effect-site (brain) concentrations of propofol with 95% probability of no response to surgical stimuli were 2.5-5.5 g/mL (14-31 M) when administered with opioids [47] .
The increased EAAT3 activities by 30 and 100 M propofol were abolished by 95.1 M aminophylline or 1.19 M ephedrine. The findings that propofol-induced increased EAAT3 activities were abolished by aminophylline and ephedrine also suggest that aminophylline and ephedrine reverse the upregulation of EAAT3 activity by propofol, which may be a mechanism of aminophylline reversal of prolonged sedation after propofol anesthesia [15] , of pharmacodynamic antagonistic interaction of aminophylline with propofol [48] , and of the increase in BIS by ephedrine during propofol anesthesia [18] .
To determine the interactions between the effects of aminophylline or ephedrine and propofol on EAAT3 activity in our study, these two concentrations of propofol were selected based on the result of a previous report [6] , in which 30 and 100 M of propofol enhanced the EAAT3 activity. Considering high plasma protein binding of propofol (97-99%), even 30 M of propofol concentration used in this study may be considered too high to extend our results to clinical situation because unbound free propofol in brain exerts the effect. Although measurement of propofol concentration in human brain tissue remains impossible, Dawidowicz et al. [49] and Engdahl et al. [50] measured the propofol concentration in human cerebrospinal fluid (CSF) in neurosurgical patients as a surrogate for the propofol concentration in brain tissue. Engdahl et al. reported that the propofol concentration in CSF was 1.6% of the plasma concentration. Dawidowicz et al. showed that the unbound propofol concentration in plasma is 1.12% of the total concentration in plasma and free propofol concentration in CSF is 61.8% of the free propofol concentration in plasma. However, it is not considered that their results correspond to the propofol concentration in brain tissues exactly, in consideration of some animal research findings that the brain/plasma ratio of propofol in the rat is 7.8-8.5 [51] and the brain/artificial CSF partition coefficient in rat brain is 36 [52] .
This study has several limitations. First, it was an in vitro study, and rat EAAT3 mRNA was used instead of human mRNA. Therefore, it may have poor translatability to cells in the CNS or in humans. Thus, further studies are required to replicate or verify our results. Second, EAAT3 may not be a major target for anesthetics. However, there is a growing body of evidence suggestive of a role for EAAT3 in the mechanism for various effects of anesthetics. Additionally, this is the first study to investigate the drug interactions (between propofol and aminophylline or ephedrine) with regard to EAAT3 activity, and our results reflect the opposite effects. Third, we chose 95.1 M aminophylline for further experiments after the dose-response study. This concentration may be slightly higher than the upper limit of the therapeutic range of theophylline considering that aminophylline contains 86% anhydrous theophylline (81. 8 M) and that the free extracellular brain concentration of theophylline is 75% of the blood concentration {71.3 M = 0.75 × 95.1 M (upper limit of therapeutic range of theophylline)}. However, the results may be similar at lower concentrations because the degrees of inhibition on EAAT3 activity were similar (16-24%) at all concentrations of aminophylline studied.
Conclusions
In conclusion, aminophylline and ephedrine, but not flumazenil, inhibited EAAT3 activity at clinically relevant concentrations. PKC and PI3K seem to be involved in these effects. Aminophylline and ephedrine abolished the increase in EAAT3 activity by propofol. Our results indicate a novel site of action for aminophylline and ephedrine to increase glutamatergic neurotransmission.
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